ABSTRACT Betaine (N,N,N-trimethylglycine) has previously been shown to function in cell volume homeostasis in early mouse embryos and also to be a key donor to the methyl pool in the blastocyst. A betaine transporter (SLC6A20A or SIT1) has been shown to be activated after fertilization, but there is no saturable betaine uptake in mouse oocytes or eggs. Unexpectedly, the same high level of betaine is present in mature metaphase II (MII) eggs as is found in one-cell embryos despite the lack of transport in oocytes or eggs. Significant saturable betaine transport is, however, present in intact cumulus-oocyte complexes (COCs). This transport system has an affinity for betaine of ;227 lM. The inhibition profile indicates that betaine transport by COCs could be completely blocked by methionine, proline, leucine, lysine, and arginine, and transport is dependent on Na + but not Cl À . This is consistent with transport by a y+L-type amino acid transport system. Both transcripts and protein of one y+L isoform, SLC7A6 (y+LAT2), are present in COCs, with little or no expression in isolated germinal vesicle (GV)-stage oocytes, MII eggs, or one-cell embryos. Betaine accumulated by COCs is transferred into the enclosed GV oocyte, which requires functional gap junctions. Thus, at least a portion of the endogenous betaine in MII eggs could be derived from transport into cumulus cells and subsequent transfer into the enclosed oocyte before gap junction closure during meiotic maturation. The oocyte-derived betaine then could be regulated and supplemented by the SIT1 transporter that arises in the embryo after fertilization.
INTRODUCTION
Betaine (N,N,N-trimethylglycine) is an amino acid derivative that is either obtained directly from dietary sources or synthesized from dietary choline in mammals. There are two known roles for betaine in mammals. The first is in cell volume regulation, where it functions as an organic osmolyte. The other is as a source of methyl groups that serve as substrates for methyltransferase reactions [1] .
Animal cells respond to decreased cell volume by initially accumulating inorganic ions. If the level of osmotically active inorganic ions required to counter the cell volume decrease is too high, the resulting disrupted ion gradients and increased intracellular ionic strength can be detrimental to cell viability [2] . Mechanisms have therefore evolved to allow intracellular inorganic ions to be replaced with more benign organic osmolytes that provide intracellular osmotic support without perturbing normal cellular function [3, 4] . Betaine is one of a number of organic osmolytes with roles in cell volume regulation in mammals.
Preimplantation (PI) embryos are particularly sensitive to perturbations of cell volume, and have evolved unique mechanisms of cell volume control that differ from those of somatic cells [5] . Mouse embryos become arrested at the twocell stage when cultured at the physiological osmolarity of the mouse oviduct (;300 mOsm), but can be rescued by a number of amino acids or their derivatives that can function as organic osmolytes [6] . The main organic osmolyte used by PI mouse embryos is glycine, which is accumulated in embryos via the GLYT1 (SLC6A9) transporter [7] [8] [9] . However, betaine also contributes significantly to intracellular osmotic support in PI embryos. Betaine counters the deleterious effects of high NaCl and osmolarity in the medium on embryo development and normalizes their patterns of protein synthesis [6, [10] [11] [12] , and its intracellular accumulation is increased in response to increased external osmolarity [13] .
Betaine is also a major source for the methyl pool in mammals. Betaine homocysteine methyltransferase (BHMT) catalyzes the transfer of a methyl group from betaine to homocysteine, forming dimethylglycine and methionine, the latter of which is subsequently converted to the universal methyl donor S-adenosyl methionine. S-adenosyl methionine is then used by a large array of methyltransferases, including DNA methyltransferases [14] . This pathway of methyl group generation had been considered to be significant only in liver of rodents [15] . However, BHMT has been found to be highly expressed and active in the inner cell mass of blastocysts, and perturbation of this enzyme in embryos in vitro has resulted in decreased inner cell mass development and increased fetal resorption after embryo transfer [16] . The timing of betaine utilization by BHMT is particularly interesting, because gamete-specific methylation patterns are globally erased during the early cleavage stages, and the ICM is the site of the initial global DNA remethylation that establishes the embryonic DNA methylation patterns [17] [18] [19] . Thus, betaine may serve two roles in PI embryos, first as an organic osmolyte in the early cleavage stages and then being consumed as a methyl donor in the blastocyst.
The source of betaine in PI embryos is not fully known. PI embryos from the one-cell stage through morula contain nearly constant levels of endogenous betaine, corresponding to approximately 7 mM intracellular concentrations. Betaine levels then fall at the blastocyst stage, coincident with BHMT expression [16] . One established route for betaine accumulation in the embryo is through transport from the female tract via SIT1 (SLC6A20A protein), a betaine/proline transporter identified as the sole betaine transporter detectable in PI mouse embryos at any stage [12, 20] . SIT1 activity first appears several hours after fertilization and is present only during the one-and two-cell stages of embryo development [20] . In contrast, no saturable betaine transport is detected in unfertilized eggs or immature oocytes [20] . Additional betaine transport systems, not present in PI embryos, are found in other cell types. These include BGT1 (SLC6A12), a Na þ and Cl À dependent betaine/c-aminobutyric acid (GABA) transporter [21] , and System A, a Na þ -dependent neutral amino acid transport system with a high affinity for alanine and sensitivity to 2-methylaminoisobutyric acid (MeAIB). System A-type transport can be mediated by any of several members of the SLC38 protein family that possess similar substrate transport profiles [22] . A number of other amino acid transporters likely also accept betaine, although whether betaine is a substrate has not been assessed for most. Betaine transporters, including SIT1, are generally able to transport proline [20] ; however, the converse is not necessarily true. For example, the proline transporter PROT (SLC6A7) is unable to transport betaine [20] .
We initially proposed that the betaine present in PI embryos was loaded into them at the one-and two-cell stages during which SIT1 is active, and then continued to be stored until it is metabolized by BHMT at the blastocyst stage. However, we have unexpectedly found that endogenous betaine is already present in metaphase II (MII) mouse eggs at a level comparable to that of one-cell embryos (see below). It was unknown how MII eggs could obtain betaine prior to SIT1 activation, because no specific betaine transport mechanism is present in oocytes or eggs before fertilization [20] . Thus, we hypothesized that cumulus granulosa cells surrounding the oocyte (in the cumulus-oocyte complex [COC]) may possess a betaine transporter that allows them to take up betaine and transfer it to the enclosed oocyte, potentially accounting for the presence of betaine in MII eggs.
MATERIALS AND METHODS

Chemicals and Media
All chemicals were obtained from Sigma-Aldrich unless otherwise stated. We purchased [methyl-
3 H]-betaine (85 Ci/mmol) from American Radiolabeled Chemicals. All components of culture media were either embryo-tested grade or cell-culture grade. Media were based on potassium-supplemented simplex optimized medium (KSOM) embryo culture medium [23] , except glutamine was omitted and polyvinyl alcohol (PVA; 1 mg/ml; molecular weight 30 000-70 000) was substituted for bovine serum albumin. Modified KSOM (mKSOM) was used at 378C in 5% CO 2 in air. Similarly modified HEPES-KSOM (mHEPES-KSOM; pH 7.4) was used to isolate oocytes and COCs and to flush one-cell embryos from the oviduct [23] . For Na 
Animals
Adult (6-to 8-wk-old) female CF1 mice were obtained from Charles River Canada and maintained on a 12L:12D (light, 0700-1900 h) cycle with unrestricted access to food and water. BDF1 (B6D2F1) strain males (Charles River Canada) were used for mating where indicated. All animal protocols were approved by the Animal Care Committee of the Ottawa Hospital Research Institute or the University of Ottawa Faculty of Medicine.
Oocyte, COC, and One-Cell Embryo Isolation
Fully grown germinal vesicle (GV)-stage oocytes and COCs were obtained approximately 44 h after females were primed with equine chorionic gonadotropin (eCG; 5 IU i.p.; Intervet). Ovaries were excised and minced to release cumulus-enclosed oocytes (COCs). To obtain isolated GV-stage oocytes, cumulus cells were removed by repeated pipetting through a narrow-bore pipette. Ovulated MII eggs and one-cell embryos were obtained from females that were injected with human chorionic gonadotropin (hCG; 5 IU i.p.) 47 h post-eCG. For embryos, females were mated overnight with BDF1 males. MII eggs were flushed from oviducts at ;15 h post-hCG and one-cell embryos at ;22 h post-hCG using mHEPES-KSOM supplemented with 300 mg/ml hyaluronidase (to remove adherent cumulus matrix).
For longer periods of incubation (4-24 h), COCs and GV oocytes were cultured in MEMa. To maintain meiotic arrest of the GV oocyte, the medium was supplemented either with dibutyryl cAMP (dbcAMP; 300 lM), or, for COCs only, with the physiological mediator of meiotic arrest, Natriuretic Peptide Precursor C (NPPC; 100 nM) in the presence of estradiol (E 2 ; 100 nM) [24, 25] .
Transport Measurements
Measurements of betaine transport into COCs, oocytes, follicles, and embryos were performed essentially as previously described [20, 26, 27] 3 H]-betaine was constructed for each set of experiments by serial dilution to allow conversion of counts per minute (CPM) to fmol of betaine. Groups of approximately 10-15 COCs, GV oocytes, or onecell embryos were washed three times through pre-equilibrated medium before being added to pre-equilibrated medium containing [ 3 H]-betaine. After the specified incubation period, each sample was washed five times through icecold mHEPES-KSOM and transferred into a scintillation vial to which 4 ml of scintillation fluid (Scintiverse BD; Fisher Scientific) was added. To determine the background, a similar volume of the final wash drop was added to a separate vial and treated identically. This value was subtracted from the sample. A liquid scintillation counter (LS6500 Multipurpose Scintillation Counter; Beckman Coulter) was used to detect ]-betaine accumulated by the sample was determined by comparison to the standard curve and the measured CPM expressed as fmol per oocyte, COC, or one-cell embryo. To obtain a rate of betaine uptake, this value was divided by the length of the incubation period, yielding a value expressed as fmol per minute.
To prevent the resumption of meiosis in the oocyte, elevated levels of cAMP were achieved either using 300 lM dbcAMP or using 100 nM NPPC plus 100 nM E 2 as detailed in the results below. After an uptake period of 24 h in [ comparable to that previously measured (0.015 6 0.0017 fmol/embryo/min [20] ) and did not change significantly over time, and that the fraction of saturable transport relative to total transport remained at least 85% (not shown).
Gap Junction Inhibition
COCs were cultured for 4 h in MEMa containing 1 lM [
3 H]-betaine, 300 lM dbcAMP, and the gap junction inhibitors 18a-glycyrrhetinic acid (AGA; 150 lM) or carbenoxolone (CBX; 100 lM). In the control groups (no AGA or CBX), equal amounts of the solvent into which the inhibitor was dissolved was added: dimethyl sulfoxide (0.3% final concentration) for AGA and water for CBX. These concentrations of AGA and CBX have previously been shown to block gap junction communication in mouse COCs [28, 29] . After the uptake period, the oocyte was denuded of cumulus and the total amount of [ 3 H]-betaine accumulated in the oocyte was determined.
Endogenous Betaine Measurement
Endogenous betaine was measured in groups of 50 eggs or embryos by high performance liquid chromatography after fluorescent derivatization with phenanthrenacyl triflate, exactly as previously described [16, 20] .
Quantitative RT-PCR
We assessed mRNA expression from murine genes encoding the two isoforms of system yþL transporter, Slc7a7 (yþLAT1; NM_011405.4) and Slc7a6 (yþLAT2; NM_178798.3). Primer pairs were designed using OligoPerfect software (Invitrogen). The sequences were, for Slc7a7 (yþLAT1), forward 5 0 TCT TCC CCA TCA TCT TCT GC 3 0 , reverse 5 0 GGA TCT GGA GGT ACC GTG TG 3 0 ; and for Slc7a6 (yþLAT2), forward 5 0 ATT GTT GAG CCC ACC AGT CA 3 0 , reverse 5 0 GGA CCT TGG CAT ACG TGA AT 3 0 . Primers for two control genes whose stable expression under different conditions in oocytes and PI embryos has been previously confirmed, H2afz and Ppia, were as previously described [30] . A total of 30 oocytes, eggs, COCs, or one-cell embryos were pooled and stored at À808C until RNA extraction. Total RNA was extracted using the RNeasy Micro Kit (Qiagen) and reverse transcribed into cDNA using the RETROscript Kit (Ambion). Conventional RT-PCR was carried out using the following parameters: an initial 15-min incubation at 958C followed by 40 cycles of 948C for 60 sec, 608C for 30 sec, and 728C for 60 sec. Selected samples of the resulting purified amplicons were sequenced by the Ontario Genomics Innovation Centre to confirm their identities. Quantitative RT-PCR (Q-RT-PCR) was performed with a LightCycler thermocycler (Roche Applied Science). Each reaction mixture (20 ll) contained cDNA template from the equivalent of 0.15 oocytes, COCs, or embryos; 500 nM of each primer; and LightCycler 480 SYBR Green I Master Mix (Roche Applied Science). A negative control (H 2 O in place of cDNA template) was included in each run. An initial 5 min at 958C was followed by 50 cycles of 958C for 15 sec, 608C for 20 sec, and 728C for 30 sec. A meltingcurve analysis was carried out upon completion of each run to confirm the PCR product. Each sample was run in duplicate and the replicates averaged to produce one independent repeat. A threshold cycle standard curve was constructed using serial 7-fold dilutions of a known concentration of template (prepared by PCR from kidney cDNA) and was run alongside each Q-RT-PCR run. The number of mRNA copies per COC, oocyte, or embryo was determined using the absolute quantification method according to the manufacturer's instructions.
Western Blot Analysis
Western blot analysis for SLC7A6 was performed using rabbit anti-SLC7A6 primary antibody G-12 (catalog sc-136884; 1:200 in 3% ECL blocking peptide at 48C overnight; Santa Cruz Biotechnology). The blocking peptide (sc-136884P; Santa Cruz) was used for controls where specified. The secondary antibody was horseradish peroxidase goat anti-rabbit (170-6515; 1:2000 for 1 h at room temperature; BIO-RAD) and detection was carried out using ECL (ECL substrate; Pierce). Membranes were reprobed with rabbit antiglyceraldehyde phosphate dehydrogenase (GAPDH) antibody FL-335 (sc-25778; 1:200; Santa Cruz) as a loading control. Each lane contained 30 COCs, oocytes, or eggs.
Data Analysis
Data were graphed and statistical analyses carried out using Prism 5 (GraphPad Software). Data are presented as mean 6 SEM. Means of two groups were compared using Student t-test, and of more than two groups, using one-way ANOVA with the Tukey post hoc test. Linear regression and nonlinear least squares fits were performed using Prism. P , 0.05 was considered significant. For fits to the Michaelis-Menten equation, 95% confidence intervals were obtained from the parameters of the fit in Prism.
RESULTS
Endogenous Betaine Content of Mouse MII Eggs
Endogenous betaine was present in MII eggs at a level of 1.48 6 0.13 pmol/egg (n ¼ 3 groups of 50 pooled eggs). These measurements were done at the same time as measurements in one-cell embryos that have been previously published [16] , in which the endogenous betaine content of one-cell embryos was found to be 1.38 6 0.07 pmol/embryo (n ¼ 3), which is not significantly different from that in MII eggs (P ¼ 0.54, Student t-test). The origin of the betaine in MII eggs was unclear because no betaine transporter activity was detected in oocytes throughout meiotic maturation, with specific saturable betaine transport first appearing upon activation of SIT1 in the fertilized egg several hours after fertilization [20] . We thus sought to determine whether COCs could transport betaine, and whether it could be provided to the enclosed oocyte before cumulus-oocyte gap junctions become uncoupled during meiotic maturation. ]-betaine in the absence or presence of 5 mM unlabeled betaine, to determine the total and nonsaturable components of betaine transport, respectively. Each point represents mean 6 SEM of three independent repeats. B) The saturable component of betaine transport was calculated by subtracting the nonsaturable rate from the total rate of transport at each time point within each repeat. Lines were fit by linear regression.
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The Kinetics of Betaine Transport by COCs
To determine if COCs possess a saturable betaine transport system, the amount of [
3 H]-betaine accumulated by COCs was determined over a period of 10-30 min in the absence (total transport) versus presence (nonsaturable transport) of 5 mM (5000-fold excess) unlabeled betaine (Fig. 1A) . The amount of betaine accumulated by COCs was linear over the course of the uptake period, yielding rates of uptake of 0.066 6 0.008 and 0.015 6 0.004 fmol/COC/min for total and nonsaturable transport, respectively (calculated from slopes obtained by linear regression). Subtracting the nonsaturable rate from the total rate of betaine transport at each time point yielded the saturable transport, which occurred at a rate of 0.058 6 0.003 fmol/COC/min (Fig. 1B) . These results demonstrate that a substantial amount of betaine transport by COCs was the result of saturable transport.
The dependence of the rate of betaine transport by COCs on betaine concentration was calculated by measuring the rate of total betaine transport by COCs (using a 10-min uptake period, where uptake is linear with time and negligible nonsaturable uptake is present; Fig. 1 ) as a function of substrate concentration from 10 to 1000 lM ( Fig. 2A) . MichaelisMenten constants were calculated after the nonsaturable component of betaine transport by COCs was subtracted, yielding a K m of 227 lM (95% confidence interval 118-335) and a V max of 6.9 fmol/COC/min (5.7-8.1), as determined by nonlinear least squares fit to the Michaelis-Menten equation (Fig. 2B) .
The Competitive Inhibition Profile and Ion Dependence of Betaine Transport by COCs
To help identify the betaine transporter(s) in COCs, the inhibition profile and ion dependence were determined. A set of potential competitive inhibitors, including amino acids and amino acid derivatives, each at 5 mM, were assessed for their ability to inhibit the uptake of 1 lM [ 3 H]-betaine transport by COCs (Fig. 3A) . Of the initial substrates tested, proline, the proline derivative proline methyl ester (PME), and methionine all significantly inhibited saturable betaine transport, to a similar extent as excess unlabeled betaine. GABA, alanine, and MeAIB did not significantly reduce betaine transport, although each appeared to partially suppress transport by a moderate amount.
In a subsequent independent experiment, leucine, lysine, and arginine were tested for their ability to inhibit betaine transport by COCs. Each of these significantly reduced the rate of betaine transport to the same extent as excess unlabeled betaine (Fig. 3B) . These results indicate that betaine is transported through a process that is inhibited by proline, methionine, PME, leucine, lysine, and arginine, but relatively insensitive to MeAIB, alanine, or GABA.
The ion dependence of betaine transport by COCs was determined in the presence or absence of Na þ or Cl À (Fig. 4) . Betaine transport was significantly reduced in the absence of Na þ (to approximately the rate of nonsaturable transport; cf. Fig. 3 ). However Cl À -depleted media did not affect the rate of betaine transport. These data indicated that betaine transport by COCs is mediated by a Na þ -dependent transport system that is Cl À independent.
Expression of a Candidate Betaine Transporter
The above results appear to rule out several potential betaine transporters as mediating betaine transport in COCs, including BGT1 (highly GABA sensitive and Cl À dependent), System A (highly alanine and MeAIB sensitive), and SIT1 (Cl À dependent), as discussed below. A known transport system whose properties appeared to correspond to those of the betaine transport system in COCs is system yþL. Two variants of yþL exist with similar transport characteristics: yþLAT1 (SLC7A7) and yþLAT2 (SLC7A6), which arise from separate genes [31, 32] and form functional heterodimers with 4F2hc (SLC3A2), CORBETT ET AL.
an accessory heavy chain protein that is essentially ubiquitous [32, 33] . Conventional RT-PCR (Fig. 5A ) and Q-RT-PCR (Fig.  5B) were performed to determine the developmental stage of oocytes, eggs, embryos, and COCs at which mRNA for either Slc7 isoform is present. Slc7a7 mRNA was not detected at any developmental stage tested or in COCs (Fig. 5, A and B) . In contrast, Slc7a6 mRNA was present in COCs and much more highly expressed than in oocytes, eggs, or embryos (Fig. 5, A and B).
To determine whether or not SLC7A6 protein was present in COCs, Western blot analysis was carried out. A band at ;58 kDa corresponding to the expected size of SLC7A6 was detected in COCs but not in GV oocytes or MII eggs (Fig. 5C ). In Western blots of COCs, inclusion of the peptide against which the SLC7A6 antibody had been raised during primary antibody incubation reduced band intensity by approximately half (reduced by 49.05% 6 5.17 %, n ¼ 3; P ¼ 0.01 by paired ttest; Fig. 5C ).
Transfer of Betaine into Oocytes Within COCs
To determine if the presence of cumulus cells enhanced the amount of betaine accumulated by enclosed oocytes within a COC, the total amount of betaine accumulated by oocytes was measured in GV oocytes denuded of cumulus cells after a 24-h period of [ 3 H]-betaine uptake by COCs (GV(A)) versus those denuded of cumulus cells before uptake (GV(B)) or incubated with [ 3 H]-betaine as denuded GV oocytes. An uptake period of 24 h was used to maximize transfer into the enclosed oocyte. COCs and denuded GV oocytes were cultured together for 24 h in MEMa culture medium containing 1 lM [ 3 H]-betaine. MEMa supports COC viability to a greater extent than KSOM, and pilot experiments showed that betaine transport in COCs occurred at essentially the same rate in MEMa as in mKSOM, indicating that the constituents of this much more complex medium did not inhibit betaine transport (not shown). Oocyte meiotic arrest was maintained during incubation by elevating the intracellular cAMP level with NPPC and E 2 [24, 25] for COCs or with dbcAMP for both COCs and denuded GV oocytes, as indicated.
In the first set of experiments, the following experimental groups were incubated with [ 3 H]-betaine for 24 h: 1) intact COCs with NPPC þ E 2 , 2) COCs with NPPC þ E 2 where the oocytes were denuded after incubation (for GV(A)), and 3) denuded GV oocytes with dbcAMP (GV(B)). The total amount of betaine accumulated by GV(A) was significantly higher than that of GV(B) (Fig. 6A) . The coupling index (CI) for betaine accumulation by GV oocytes was calculated using the following equation: CI ¼ (A À B)/B, where A is the total amount of betaine accumulated by GV(A) and B is the amount of GV(B) prior to uptake under the same conditions. A CI greater than 0.5 indicates enhancement of betaine accumulation by oocytes because of the presence of cumulus cells [27, 34] . The calculated CI was 0.90, indicating that the presence of 
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cumulus cells enhanced betaine accumulation by the oocyte by ;90%.
To ensure that maintenance of meiotic arrest by dbcAMP for denuded oocytes versus NPPC þ E 2 for intact COCs was not causing a difference in the amount of betaine accumulated, a second set of experiments was carried out in which meiotic arrest was maintained in all groups with dbcAMP. This produced similar results, with the total amount of betaine accumulated by GV(A) again significantly higher than that of GV(B) (Fig. 6B) . The calculated CI was similar at 0.95. These results indicate that cumulus cells do enhance betaine accumulation by the enclosed GV-stage oocyte.
To determine if functional gap junctions are required for transfer of betaine to the enclosed oocyte within the COC, gap junctions were inhibited using either 150 lM AGA or 100 lM CBX. Meiotic arrest was maintained using 300 lM dbcAMP. The total amount of 1 lM [
3 H]-betaine accumulated over a 4-h culture period was determined. A 4-h incubation was used FIG. 5. Expression of Slc7a7 (yþLAT1) and Slc7a6 (yþLAT2) mRNA. A) Conventional RT-PCR was used to detect Slc7a7 (yþLAT1) and Slc7a6 (yþLAT2) mRNAs, with Ppia and H2afz as controls, in COCs (C), GV oocytes (G), MII eggs (E), and one-cell embryos (1). Kidney (K) served as a positive control and water (W) as a negative control. End lanes contained markers (M, shown on right). Each lane contained the equivalent of 0.15 COC, oocyte, or embryo or 0.5 lg kidney cDNA. The identity of representative bands was confirmed by sequencing. B) Real-time Q-RT-PCR on the same samples used for conventional RT-PCR for Slc7a7 and Slc7a6. Samples are labeled as in A. Bars represent the mean 6 SEM of three independent repeats. C) Representative Western blot (left; one of three similar repeats) with 30 COCs (C), GVs (G), or MII eggs (E) in lanes as indicated. SLC7A6 protein at ;58 kDa is indicated by the arrow. Blocking peptide was used to confirm SLC7A6 specificity. A representative Western blot (right; one of three similar repeats) is shown with 30 COCs per lane. The membrane (top right) was cut between the lanes, separately probed for SLC7A6 (arrow) with or without blocking peptide present, and then reassembled for detection (at dark line visible between lanes). The lower portion of the membrane was separately probed for GAPDH as loading control (bottom right). Bands were normalized to GAPDH for each repeat and relative intensities calculated, as shown in the graph (mean 6 SEM; n ¼ 3 repeats, **P ¼ 0.01, t-test). ÀBP indicates no peptide and þBP indicates binding peptide at a concentration 10-fold higher than the primary antibody. The lane of the Western blot above each bar corresponds to that treatment, as indicated at bottom of graph.
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because pilot experiments showed it was the shortest period in which transfer to the oocyte could be easily detected. A short incubation period minimizes possible confounding effects due to cumulus-oocyte uncoupling on COC physiology. Each gap junction inhibitor significantly reduced the amount of betaine accumulated by the enclosed oocyte over 4 h by ;50%, essentially to the level of the nonsaturable background accumulation by oocytes alone, confirming that functional gap junctions between the cumulus cells and oocyte enhance betaine accumulation by the GV oocyte (Fig. 7) .
A similar reduction could also have arisen as an artifact if AGA and CBX directly interfered with betaine transport. To rule this out, COCs or GV(B) were cultured in MEMa for 4 h in the presence or absence of AGA or CBX or vehicle alone under the same conditions as described above (except without betaine), and then the rate of betaine transport by COCs and GV(B) was determined in the continued presence or absence of inhibitor (using 1 lM [ 3 H]-betaine in mKSOM containing 300 lM dbcAMP, for 10 min). The rate of betaine transport by COCs was not affected by either inhibitor (AGA 0.073 6 0.002 fmol/min per COC; AGA control 0.075 6 0.004; CBX 0.074 6 0.006; CBX control 0.073 6 0.001; P ¼ 0.98 by ANOVA). Similarly, the nonspecific rate of betaine uptake by denuded GV oocytes after 4 h incubation was not affected by these inhibitors (AGA 0.0068 6 0.0002 fmol/min per GV; AGA control 0.0065 6 0.0004; CBX 0.0070 6 0.0007; CBX control 0.0062 6 0.0008; P ¼ 0.77). Thus, the decreased betaine accumulation in enclosed oocytes in the presence of gap junction inhibitors was likely due to their effect on gap junctions rather than an unintended effect on betaine transport into the COC.
DISCUSSION
We have found here that MII-stage mouse oocytes have a high level of endogenous betaine. Assuming that MII eggs have a cytoplasmic volume of approximately 180 pl, the amount of endogenous betaine equates to an intracellular concentration of ;8 mM. This concentration of betaine is comparable to that contained within one-cell embryos [16] and is at a similar level to that of the liver and kidney, which have the highest levels of betaine measured among tissues in mammals [35] . There is no measurable saturable betaine transport in mouse oocytes prior to fertilization of MII eggs when SIT1 is activated [20] . Thus, we tested whether betaine is transported into the cumulus cell compartment of COCs and transferred to the enclosed oocyte where it could be stored until activation of SIT1-mediated betaine transport.
The characteristics of betaine transport by mouse COCs are consistent with system yþL. Betaine transport in COCs was completely inhibited by leucine, lysine, and arginine, three The total betaine accumulated was determined after 24 h incubation of intact COCs, GV oocytes denuded of cumulus cells after incubation (GV(A)), and GV oocytes denuded of cumulus cells before incubation (GV(B)). A) GV arrest was maintained with NPPC (100 nM) and E 2 (100 nM) for COCs or dbcAMP (300 lM) for GV oocytes, as indicated. Approximately 20% of the total accumulated betaine in intact COCs was contained in the enclosed oocyte. Comparing the amount of betaine in oocytes denuded after incubation (GV(A)) to those denuded before (GV(B)) indicates significantly more betaine was accumulated in cumulus-enclosed oocytes. B) Intact COCs or denuded GV oocytes were incubated and analyzed as in A, except meiotic arrest was maintained in all groups using dbcAMP (300 lM). Betaine accumulated in GV(A) was again significantly different from GV(B). In both panels, each bar represents the mean 6 SEM of five independent repeats. **P , 0.01 by Student t-test. 
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canonical substrates of yþL [32] . Acceptance of both neutral (e.g., leucine) and positively charged (e.g., lysine and arginine) substrates is rare among amino acid transport systems, narrowing the possibilities to yþLAT1, yþLAT2, B 0,þ , and b 0,þ among well-characterized transport systems, although we cannot rule out the existence of other transporters that have not yet been shown to accept betaine as a substrate. The possibilities are further narrowed by their ion dependencies. B 0,þ requires cotransport of both Na þ and Cl À [36, 37] , whereas b 0,þ is ion independent [38] . In contrast, yþL-type transport shows a mixed dependency, with transport of cationic substrates being ion independent whereas transport of neutral substrates requires Na þ cotransport but is Cl À independent. The observed dependence of betaine (an amino acid derivative with net neutral charge) transport by COCs on Na þ alone was thus consistent with transport by system yþL isoforms. Therefore, based on its Na þ dependence, Cl À independence, and inhibition both by bulky neutral and by cationic amino acids, we have assigned the saturable component of betaine transport in COCs to a yþL-type transport system, which could have been either yþLAT1 (SLC7A7 protein) or yþLAT2 (SLC7A6). The trend towards decreased betaine transport in the presence of excess GABA, alanine, and MeAIB could indicate that yþL accepts these substrates with very low affinity or could possibly indicate the presence of a very minor route(s) of betaine transport distinct from yþL that we did not isolate here. The betaine transport measured using intact COCs almost certainly represents transport into the cumulus compartment, because the rate of betaine transport by isolated GV oocytes (;0.005-0.007 fmol/min per oocyte; above, [20] ) is small (,10%) compared to the total transport in COCs (;0.06-0.08 fmol/min per COC), and, because betaine uptake by GV oocytes is completely nonsaturable, any uptake into GV oocytes would not contribute to the measurements of saturable uptake in COCs performed here. The nonsaturable betaine uptake into denuded GV oocytes is likely simply via passive diffusion through the membrane, and is virtually always seen when measuring transport of substrates. We have previously shown that GV oocytes only have this nonspecific, nonsaturable component [13, 20] . It can contribute to the rate of transport, but not to concentrative accumulation up a gradient.
Q-RT-PCR measurements revealed that Slc7a6 mRNA was highly expressed in COCs compared to low levels of mRNA in oocytes, eggs, or one-cell embryos. Slc7a7 appeared absent. Qualitative conventional RT-PCR measurements were consistent with these results. Because Slc7a6 mRNA is highly expressed only in COCs but not GVs denuded of cumulus cells, we conclude that its functional expression is restricted to the cumulus cell compartment. Western blot analysis confirmed the expected band for SLC7A6 at ;58 kDa in COCs but not in GV oocytes or MII eggs. Therefore, saturable transport of betaine in mouse COCs is likely mediated by SLC7A6. The reported affinities (K m ) of SLC7A6 for its preferred substrates glutamine, arginine, and leucine range from 120 to 295 lM [32] . The similar K m of ;230 lM for betaine that we measured here thus indicates that betaine is also among its preferred substrates and would successfully compete for transport in an environment where multiple substrates are present, such as in biological fluids.
Metabolic coupling, whereby substances accumulated by cumulus cells can be subsequently transferred to the oocyte, has been well documented for a number of substrates [27, 34, [39] [40] [41] . Such transfer appears to be selective, because some substances are rapidly transferred to the enclosed oocyte (e.g., choline, uridine, guanosine, 2-deoxyglucose, alanine, and lysine) [27, 34, 40 , 41] whereas others are not enhanced or are excluded from the oocyte (e.g., leucine and valine) [27, 42] . Here we have established that the presence of cumulus cells significantly enhances the total amount of betaine accumulated by the enclosed GV oocyte, indicating that there is metabolic coupling of betaine transport in the mouse COC. Inhibition of gap junctions between the cumulus cells and oocyte caused a significant reduction in the amount of betaine accumulated by the cumulus-enclosed oocyte, which confirmed the predicted requirement for functional gap junctions in metabolic coupling. These results indicate that accumulation of betaine by specific transport into cumulus cells and its subsequent transfer to the oocyte could account for at least a portion of the endogenous betaine present within MII eggs.
Transport from the extracellular environment is a major source of betaine in mammalian cells. The only other established source for intracellular betaine in mammals is through synthesis of betaine from choline in some cells. Betaine synthesis is a two-step process in which choline is oxidized to betaine aldehyde by the enzyme choline dehydrogenase, and then betaine aldehyde is further oxidized to betaine by betaine aldehyde dehydrogenase [43] . Thus, it is possible that endogenous betaine in MII eggs could also be present because of its de novo synthesis from choline. Choline has been shown to be taken up by COCs and transferred into the enclosed oocyte [34, 39] . However, whether betaine can be synthesized from choline in either cumulus cells or oocytes, and, if so, the relative contribution of synthesis to the total betaine pool remains to be determined.
Upon fertilization, the betaine transporter SIT1 becomes activated within several hours [20] . Accumulation by one-cell embryos via this mechanism may then begin to regulate and replenish the betaine pool derived from the oocyte. Regulation of intracellular betaine concentrations by SIT1 likely contributes to cell volume regulation [13, 20] . The intracellular betaine is then stored during PI embryogenesis until the blastocyst stage, when it is metabolized by BHMT to contribute to the pool of methyl groups [16] . Whether the betaine that is already present in MII eggs contributes significantly to the methyl pool at the end of the PI stages, or rather is mainly required for cell volume support at the beginning of the one-cell stage, remains to be determined.
We conclude that at least some of the betaine present within mature MII eggs is contributed by the surrounding granulosa cells, which take up betaine largely via the SLC7A6 (yþLAT2) transporter, and that transfer of betaine from the cumulus granulosa into the enclosed oocyte takes place via gap junctions in the COC. The accumulated betaine in the egg is then maintained and regulated in response to changes in cell volume in the embryo after fertilization by a different transporter (SLC6A20A, SIT1) that is activated after fertilization [13, 20] . Future work is needed to elucidate the relative contributions of these pathways to the betaine pool in the embryo, and to determine whether betaine is also synthesized from choline in granulosa, oocytes, or embryos.
